The rhombic lip (RL) is an embryonic proliferative neuroepithelium that generates several groups of hindbrain neurons. However, the precise boundaries and derivatives of the RL have never been genetically identified. We use ␤-galactosidase expressed from the Math1 locus in Math1-heterozygous and Math1-null mice to track RL-derived cells and to evaluate their developmental requirements for Math1. We uncover a Math1-dependent rostral rhombic-lip migratory stream (RLS) that generates some neurons of the parabrachial, lateral lemniscal, and deep cerebellar nuclei, in addition to cerebellar granule neurons. A more caudal Math1-dependent cochlear extramural stream (CES) generates the ventral cochlear nucleus and cochlear granule neurons. Similarly, mossy-fiber precerebellar nuclei require Math1, whereas the inferior olive and locus coeruleus do not. We propose that Math1 expression delimits the extent of the rhombic lip and is required for the generation of the hindbrain superficial migratory streams, all of which contribute neurons to the proprioceptive/vestibular/auditory sensory network.
Introduction
Over a century ago, His identified the region along the dorsal edge of the fourth ventricle of two-month-old human embryos as the "Rautenlippe" (rhombic lip, RL) (His, 1891) . Present in all vertebrates, the RL is the dorsal-most portion of the hindbrain proliferative neuroepithelium (Wingate, 2001 ). It can be divided along the long axis of the hindbrain into rostral (rRL) and caudal (cRL) portions that assume dorsal and ventral positions, respectively, as the brainstem bends during development (Altman and Bayer, 1997).
The rRL is classically thought to generate only cerebellar granule neurons (Altman and Bayer, 1997). Granule neuron progenitors migrate superficially from the rRL starting at mouse embryonic day 13 (E13) to form the external granule layer (EGL) on the surface of the cerebellum. These cells proliferate to form the granule neurons, which subsequently descend into the cerebellum (Hatten and Heintz, 1995 Curiously, radioactive thymidine labeling suggests that DNs first aggregate in a superficial "Nuclear Transitory Zone" (NTZ), similar in position to the later-forming EGL, before descending into the deep cerebellum (Altman and Bayer, 1985) .
In contrast, the cRL is thought to generate the entire cochlear nucleus (CN) (Altman and Bayer, 1980 ; Harkmark, 1954; Ivanova and Yuasa, 1998). The CN is divided anatomically into dorsal (DC) and ventral (VC) subunits containing many different cell types, including cochlear granule neurons, inhibitory cartwheel cells, and deep efferent neurons (Taber-Pierce, 1967). These cell types and the organization of the CN is similar to that of the cerebellum (Oertel and Young, 2004) .
A more caudal portion of the cRL is thought to generate the five main brainstem "precerebellar" nuclei that relay peripheral sensation and cortical input to the cerebellum. Four of these nuclei project mossy fibers to the cerebellar granule neurons and DNs and are thought to migrate in superficial "extramural" streams, reminiscent of the EGL Bayer, 1987c, 1987d) . In contrast, the inferior olive precerebellar nucleus (ION) projects climbing fibers to the PCs and is thought to form via an intramural migratory stream (Altman and Bayer, 1987b). Several recent studies suggest that mossy-fiber neurons may be more developmentally related to cerebellar granule neurons than to ION neurons (Funfschilling and Reichardt, 2002; Li et al., 2004; Rodriguez and Dymecki, 2000) .
Since His' initial analysis, many attempts have been made to further define the RL and to identify the cells that derive from it. Yet, the distinction between the RL and the adjacent ventricular neuroepithelium remains loosely defined by an anatomical bend that forms late in development (Altman and Bayer, 1987a) . Hence, a precise definition of the RL and a clear demonstration of its derivatives are lacking.
The basic helix-loop-helix transcription factor Mouse atonal homolog 1 (Math1, Atoh1) is expressed in the RL as early as E9.5 (Akazawa et al., 1995) . . We demonstrate that Math1 identifies and is necessary for the development of both known and novel superficial migratory neurons of the hindbrain. These neurons include most cells thought to derive from the RL as well as novel RL derivatives. Based on these observations, we propose a genetic definition of the rhombic lip as the Math1-expressing region of the hindbrain ventricular neuroepithelium and identify several novel rhombic-lip derivatives in the isthmus, pons, and cerebellum.
Results

␤-Galactosidase Labels Cells Derived from Math1-Expressing Progenitors in the Rhombic Lip
We follow β-gal expression from E11.5 to E18.5 in both Math1-heterozygous (Math1 LacZ/+ ) and Math1-null (Math1 LacZ/− ) embryos ( Figures 1A-1M ). To ensure (NTZ), a proposed transient differentiation zone for cells destined to become deep nuclear neurons (DNs) of the cerebellum (Altman and Bayer, 1985) . This region also corresponds to the developing superior cerebellar peduncle (SCP), the primary output fiber tract of DNs (Altman and Bayer, 1997). β-gal+ fibers are present in both the SCP and uncinate fasciculus (hook bundle of Russell), another fiber tract of the DNs (data not shown). From E14.5 to E16.5, this β-gal+ aggregation descends into the deep cerebellum, as is theorized for the NTZ ( Figure 4E ). During this same time, the most caudal portion of the RLS remains superficial and forms the EGL ( Figures 4C-4E) . Although the precise boundary between the NTZ and EGL is not clear at E13.5, the general regions of these two populations can be discerned. Higher magnification views at E11.5 to E16.5 show a continuous stream of β-gal+ cells exiting the rRL (Figures 4K-4O ). During this time, the rRL bends to form the classical "germinal trigone" shape ( Figure 4N from the CN at E12.5 ( Figure 6S ). In the absence of Math1, the CES does not form, the cRL appears shrunken, and the VC is lost (Figures 6O-6Q ). In contrast, the bulk of the DC remains, although the β-gal+ staining in the deep DC is lost (Figures 6W-6Y) . The eighth cranial nerve enters directly into this residual DC structure ( Figure 6Q) . Nissl staining at E18.5 confirms the complete loss of the VC in Math1
LacZ/− embryos ( Figure 6R ) and indicates a decrease in cell density in the DC (Figure 6Z ). These results demonstrate a previously unrecognized genetic division in the development of the CN and show that the granule neurons and VC derive from the cRL, whereas much of the DC arises from the more medial neuroepithelium.
The RL also gives rise to a diffuse population of β-gal+ cells in the superior vestibular nucleus (SuVe) ( Figure  S1D available with this article online), although it is not clear whether these cells originate in the rRL or cRL. The SuVe has been postulated to form adjacent to the NTZ (Altman and Bayer, 1985) , and similar to the developing fastigial nucleus, some SuVe cells express Tbr-1 (R. Hevner, personal communication) (Figure S1H ). In the absence of Math1, both β-gal and Tbr-1 expression is lost (Figures S1E and S1K) . These results suggest that the vestibular nuclei consist of a mixture of cells derived from the rhombic lip and from more medial neuroepithelium. . We now show that in the absence of Math1, the cRL appears thinner, although it still expresses β-gal ( Figures 7G and 7M) , the AES and PES fail to form ( Figures 7H and 7N) , and all four mossy-fiber precerebellar nuclei are lost ( Figures  7P and 7T) .
All Mossy-Fiber Precerebellar Nuclei Require
In contrast, the cells of the inferior olive nucleus (ION) do not express β-gal at E14.5 and are clearly present in both Math1
LacZ/+ and Math1 LacZ/− embryos at E14.5 ( Figures 7K and 7N) Previous studies suggested that deep nuclear neurons and granule neurons of the cerebellum have distinct neuroepithelial origins (Hatten and Heintz, 1995) . Quail-chick transplantation studies suggested that many cerebellar cell types, including the DNs and PCs, derive from both the midbrain and hindbrain, whereas the granule neurons derive primarily from the hindbrain (Hallonet et al., 1990 ). However, more recent studies have shown that the anatomic constriction used for these transplant studies does not correlate with the midbrain-hindbrain boundary and that all these cerebellar cell types actually derive entirely from the hindbrain (Millet et al., 1996) . We now demonstrate that a large number of DNs derive from the rRL of the hindbrain. Thus, it is possible that a portion of the rRL was inadvertently transplanted in those previous studies. It is also possible that distinct subsets of DNs arise from both the rRL and from more medial portions of the neuroepithelium. Additional DN markers may help clarify this possibility. Studies using clonal analysis with LacZ mosaics and retroviral injections rarely find animals in which DNs and granule neurons are both labeled ( These data suggest that a shared developmental pathway that is dependent on Math1 operates in both the cerebellum and cochlear nucleus. RL-derived cells simultaneously populate both structures, migrate superficially for part of their transit, require Math1, and give rise to analogous cell types (Figures 8A-8C) . Earlymigrating cells appear to form large projection neurons, whereas later-migrating cells form granule neurons. Similarly, the contiguous ventromedial neuroepithelium forms non-Math1-dependent neurons of each structure. Our results reveal novel genetic divisions within the cerebellum and cochlear nucleus and may help explain the similar cell types of these adjacent hindbrain processing centers. At all rostral-caudal levels along the rhombencephalon, cells derived from Math1-expressing progenitors stretch from the ventricular to the superficial surface in an initial short radial migration followed by a switch to tangential orientation to form the superficial migratory streams of the hindbrain. As a result, the RL usually appears composed of two layers. In the absence of Math1, this two-layered structure collapses into a single-layered cluster of cells, and the migratory streams are lost. Based on our observations, we propose that the rhombic lip should be thought of as a functionally distinct portion of the hindbrain neuroepithelium that generates superficial migratory streams and that its cells can be genetically identified by Math1 expression. Figures 8A-8C ). In addition, some cell populations derived from Math1-expressing progenitors are not readily identifiable with available markers, and some take migration paths that we are not able to follow in the current study. These cells will require further characterization to determine if they also participate in these systems.
A Proposal for a Refined Definition of the Rhombic Lip
Math1 Is Required for Central and Peripheral
The role of the PB in these systems has only recently been uncovered. The PB surrounds the superior cerebellar peduncle, the output track for the deep cerebellar nuclei, and is theorized to arise from the rostral NTZ, adjacent to the developing deep nuclear neurons of the cerebellum ( β-galactosidase (β-gal) activity was assayed by staining tissues with X-gal (1 mg/ml) followed by paraffin imbedding, as previously described (Ben-Arie et al., 2000) . The brain was isolated from E14.5 and older embryos, whereas the whole embryo was stained for younger ages. 5-m paraffin sections were counterstained with nuclear fast red or with cresyl violet for Nissl staining ( 
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